In eukaryotes, transcription occurs in an environment in which DNA is associated with histones and packaged into chromatin (36) . The first level of packaging is the nucleosome core particle, which consists of a histone octamer (two H2A-H2B dimers and one H3-H4 tetramer) and 146 to 160 bp of DNA wrapped approximately two turns around the octamer (21, 37) . In addition to assisting in the compaction of DNA into the chromosome, histones are believed to play a role in modulating genetic activity by inhibition of transcription (18, 33, 51) .
Most transcriptional activators must bind to specific DNA sequences to function, and it is believed that activators frequently compete with histones for binding to DNA. The ability of a transcription factor to recognize a particular free DNA sequence in vitro does not necessarily mean that it will bind to this sequence when it is incorporated into nucleosomes (3, 26) . Recently, investigators in several laboratories have examined the. nucleosome-binding properties of several different transcription factors: whereas the glucocorticoid receptor (4, 39, 40) , GAL4 (48, 56) , and TFIIIA (25) (26) (27) 34) bind to nucleosomal DNA, heat shock factor (HSF) (48) and nuclear factor (NF1) (5, 41) are unable to bind to nucleosomes. Binding of certain transcription factors to nucleosomal DNA has been ppstulated to directly or indirectly alter nucleosome structure, enhancing the accessibility of promoter or enhancer sequences in chromatin (4, 5, 40, 41) or allowing subsequent entry of factors whose binding is normally blocked by nucleosomes. This alteration in local chromosome structure has been proposed to be important in the regulation of several eukaryotic
genes.
An activator attempting to bind to nucleosomal DNA must contend with the relatively constrained structure of the DNA as it wraps around the nucleosome, and with contacts between the DNA and the histones that might compete for interactions required for binding by the activator. Nucleosomal binding can depend on a number of different factors: the rotational positioning of the binding site on the nucleosome (i.e., facing towards or away from the histones [4, 40, 41] ); translational * Corresponding authors. positioning on the nucleosome (i.e., position relative to the dyad axis and to linker DNA [25, 27] ); acetylation status of the histones (10, 34) ; or an intrinsic ability of the particular activator to interact with nucleosomal DNA (48) . These mechanisms are probably not mutually exclusive. In this paper, we begin to examine the role of DNA binding and dimerization domains in determining the ability of a transcription factor to bind to a nucleosome.
Transcription factors which belong to the basic-leucine zipper (b-ZIP) and basic-helix-loop-helix (b-HLH) families bind to DNA as homo-and heterodimers, with each monomer contributing a DNA binding domain and a dimerization interface. In b-ZIP proteins, changes of dimerization partner have been shown to affect the strength of binding to free DNA, DNA bending, and transcriptional activation (31) . If individual DNA binding domains differ in their intrinsic ability to bind to nucleosomal DNA, then the combination of different monomers might specifically affect binding to nucleosomal DNA relative to free DNA. The hypothesis that we test here is that changes of dimerization partner will alter the abilities of b-HLH-ZIP proteins to bind to nucleosomal DNA. In order to investigate this issue, we have examined the abilities of c-Myc and Max dimers to bind to nucleosomes.
The c-myc oncogene is involved in cell proliferation and in inhibition of cellular differentiation (reviewed in references 8, 13, 17, 29, and 43) . While it appears that interactions with Max (7, 9, 30, 42) are central to the mechanism of c-Myc function, the precise mechanism by which c-Myc regulates transcription remains unclear. c-Myc and Max offer an attractive system for characterizing the effects of changing dimerization partner on nucleosomal binding. Since Max homodimers and c-Myc/Max heterodimers bind preferentially to the same hexanucleotide DNA sequence, CACGTG (6, 22, (54) and truncated c-Myc * GCN4 (14) were prepared as described previously and purified by affinity chromatography over a nickel chelate column (Qiagen) (1) . Bacterially produced full-length c-Myc protein (53) and phosphorylated, baculovirus full-length c-Myc protein (38) were prepared as described previously. All proteins were stored in storage buffer (10 mM Tris [pH 7.5], 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 10% glycerol). Protein purity was evaluated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (15% acrylamide) under reducing conditions. Estimated molecular weights of Max and truncated c-Myc monomers are 21,000 and 15,000, respectively. Activity of the preparations was determined as described below.
c-Myc/Max heterodimer purification. Heterodimers were purified by sequence-specific DNA affinity chromatography. CACGTG-containing oligonucleotides were concatamerized and conjugated to CNBr-activated Sepharose 4B (Pharmacia) (58) . c-Myc/Max heterodimers were formed (15- (38) is in boldface type, and the nucleosome positioning sequence, a tandem repeat of the 20-bp GT sequence known to induce rotational phasing (45) , is underlined. The 156-bp fragment was amplified by PCR using the primers PCR-E (5'-ATATCGAATTCGTGATACGA-3') and PCR-Xm (5'-ACTAGTGGATCCCCCGGGGT-3'), and the resulting 167 8.3 ]-64.6 mM boric acid-2.5 mM EDTA).
The fractions containing the peak of nucleosomal DNA were pooled and applied to a second 5 to 30% gradient and resedimented under the conditions described above. Fractions containing the peak of unassembled DNA were pooled, extracted first with phenol-chloroform-isoamyl alcohol and then with chloroform, and ethanol precipitated for use as free DNA in footprint titrations. Double-purified peak nucleosomal fractions typically contained less than 5% unassembled DNA as judged by quantitation of EMSA gels on a series 400 Phosphorimager (Molecular Dynamics). Both unincorporated DNA and nucleosomal DNA fractions were stored at 4°C in gradient buffer.
EMSA. EMSA reactions were performed in a volume of 5 to 7.5 plA and included only proteins and labelled DNA (i.e., no carrier nonspecific DNA, such as dI:dC). After preincubation of proteins for 15 min at 43°C followed by a 5-min equilibration at room temperature, 2 pg of labelled DNA (either unincorporated or incorporated into nucleosomes) was added to the protein and incubated at room temperature for an additional (45, 46) . The rotational phasing sequence is believed to induce a curve in the DNA; this favors a consistent orientation of the DNA in assembled nucleosomes. The length of the template allows formation of a single core nucleosome, with the CACGTG sequence located approximately at the dyad axis of symmetry. Nucleosomes were assembled by salt gradient dilution with purified core histones and were isolated by glycerol sedimentation gradients. Assembled nucleosomes migrate distinctly from free DNA in native polyacrylamide gels (Fig. 1A, lanes 1 and 2) . Two independent experimental approaches were used to confirm that mononucleosomes were formed. First, digestion of the histone-DNA complex with micrococcal nuclease yielded a protected fragment of approximately 145 bp (data not shown), the expected length of DNA in a core nucleosome. This occurred at concentrations of micrococcal nuclease which completely digested mock-assembled probe. Second, when treated with DNase I, the assembled probe showed the 10-bp repeat pattern of protections and enhanced cleavages expected for rotationally phased DNA wrapped around core histones (arrows in Fig.  1D ). This pattern reflects the alternating accessibility of the minor groove to DNase as it faces towards or away from the core histone surface. In the experiments presented, the rotational setting is such that the binding site is centered at a position where the minor groove faces away from the nucleosome prior to factor binding (Fig. 1E) . We have tested binding of Max homodimers to two other rotational settings (offset by +4 and -5 bp) by DNase footprinting and see no significant effect of changing rotational setting on specific binding (data not shown).
Measurement of binding to nucleosomes. The DNase I footprint titration assay was used to measure the apparent dissociation constants (Kds) of the various protein dimers for their binding sites in free DNA or in in vitro-assembled nucleosomes. In order to make a determination of the apparent Kd, it is critical to know the precise concentration of active (i.e., able-to-bind-DNA) dimer in each protein preparation. This parameter was determined by quantitating the relative amount of free DNA bound (percent footprint achieved) by increasing amounts of each of the various protein preparations in assays where the concentration of specific DNA was 2 orders of magnitude above the estimated apparent Kd (probe excess). Under these conditions, virtually all of the active dimers are expected to bind DNA. This method measures the equilibrium concentration of active dimers, and therefore should take into account the stability of dimerization, with the caveat that dimerization might be significantly affected by probe concentration. To determine the apparent Kd, the protein concentration was varied in assays where the concentration of DNA (free or nucleosomal) was at least an order of magnitude below the apparent Kd measured (limiting probe concentrations). The concentration of active dimers required to bind 50% of the DNA under these conditions provides an accurate measurement of the apparent Kd (2, 11, 28, 44) . Note that in the By EMSA analysis, the nucleosome core particle migrates more slowly than free DNA (Fig. IA, lanes 1 and 2) . The addition of Max in increasing amounts to CACGTG-containing nucleosomes results in the appearance of a new slower mobility band, which is clearly distinct from the Max-free DNA complex (compare Fig. IA Purified full-length c-Myc (bacterially produced or baculovirus produced) binds extremely weakly to free DNA (30, 38; and data not shown). In the DNase footprint assay, only nonspecific interactions were detected for these full-length c-Myc proteins, precluding a determination of the apparent Kd for these homodimers. These full-length proteins are also VOL. 14, 1994 on unable to bind to nucleosomes by EMSA or DNase I footprinting (data not shown). A truncated c-Myc protein (30, 54) containing only the b-HLH-ZIP domains (c-Myc342139) is able to bind to free DNA, as measured by both EMSA and footprinting ( Fig. 2A, lanes 2 and 3, and Fig. 2B ). The apparent Kd of binding to free DNA was found to be comparable to that for Max (1.4 x 10'-M) ( Table 1) . Truncated c-Myc, however, did not bind to nucleosomal DNA, as measured by either EMSA (Fig. 2A, lanes 4 to 7) or DNase I footprint titration (Fig. 2B) . The amounts of truncated c-Myc used in the EMSA were significantly greater than those needed for Max to bind nucleosomal DNA. We conclude that although truncated c-Myc and Max homodimers bind free DNA equally well, c-Myc is less able to bind to the CACGTG site on a nucleosome than is Max.
c-Myc can form a heterodimer with Max. This heterodimerization has been demonstrated to dramatically increase the ability of full-length c-Myc to bind to free DNA (30) . Given the difference in the abilities of c-Myc and Max homodimers to bind to nucleosomal DNA, we next examined nucleosome binding by c-Myc/Max heterodimers. These heterodimers bind with similar affinities to free DNA, regardless of whether truncated c-Myc, full-length bacterial c-Myc, or full-length phosphorylated baculovirus c-Myc is used (Table 1 and (Fig. 3A, lanes 5 and 6) . The lower band has a mobility that is different from that of the Max-nucleosome band (Fig. 3A, lane 7; also, see Fig. SB to  compare lanes 1 and 2) , and the amount of Max that was used in this reaction mixture causes no demonstrable nucleosome supershift in the absence of c-Myc. The presence of bands with slower mobility suggests nonspecific binding of the heterodimer, similar to that seen with Max (described above). To determine whether binding was specific and to measure the apparent Kd for any specific interaction, we used DNase footprint titration. No specific DNase I footprinting on nucleosomes was demonstrated by the truncated or baculovirus c-Myc/Max heterodimeric complexes at a concentration of -3 pFM c-Myc/Max (Fig. 3B ). These data demonstrate that the apparent Kd for specific binding of c-Myc/Max to nucleosomes must be greater than 3 p.M. DNase footprint assays were performed with heterodimer preparations that had been further concentrated by ultrafiltration. The yields of heterodimers after ultrafiltration were sufficiently poor that a titration to accurately determine the apparent Kd was not possible, although a partial specific footprint was observed (Fig. 3C) . The simplest interpretation of these data is that, in spite of some weak nonspecific heterodimer binding, the truncated c-Myc/ Max heterodimers bind specifically (as evidenced by the EMSA band and the presence of a footprint) but weakly (Kd > 3 x 10-6 M) to nucleosomes.
Truncated c-Myc -GCN4 binds both free and nucleosomal DNAs. The above data demonstrate that although Max homodimers, truncated c-Myc homodimers and c-Myc/Max heterodimers all bind free DNA with similar affinities, they differ in their abilities to bind to nucleosomal DNA. All of these proteins bind to the same sequence, and all proteins were tested for binding to identical nucleosome preparations, so the positions of the binding site on the nucleosome were identical. These data therefore suggest that the difference in ability to bind to nucleosomes by these homo-and heterodimers was caused by some functional difference between these related dimers: it appeared that an aspect of the structure of Max homodimers differed from that of the truncated Myc homodimers in a manner that specifically affected nucleosomal binding. We sought to confirm and extend this hypothesis by determining whether we could increase the ability of truncated c-Myc homodimers to bind to nucleosomal DNA by mutating the truncated c-Myc protein. c-Myc and Max have similar basic regions, as expected because they bind the same sequence, but are known to differ in the abilities of their dimerization domains to function (c-Myc homodimerizes less effectively than Max). We therefore altered the dimerization domain of truncated c-Myc to determine whether this change would alter nucleosomal binding.
c-Myc is a member of the b-HLH-ZIP class of proteins, and it has been demonstrated that the ZIP portion of the dimerization domain can play a critical role in dimer stability. To determine whether altering the dimerization domain could affect nucleosomal binding, we created a truncated c-Myc protein in which the native ZIP was replaced with that of the yeast transcription factor GCN4 (we initially attempted to replace the dimerization domain of Myc with that of Max, but were unable to produce this protein). The GCN4 ZIP is known to homodimerize efficiently and should promote more stable dimerization. Truncated c-Myc * GCN4 and truncated c-Myc therefore share identical basic (DNA binding) and HLH motif and differ only in the ZIP region. Both proteins had similar electrophoretic mobilities by SDS-PAGE (data not shown). Truncated c-Myc * GCN4 protein binds to free DNA (Fig.  4A, lane 1) ; the apparent Kd of this binding is the same as that for truncated c-Myc (Table 1) . In contrast to truncated c-Myc, truncated c-Myc -GCN4 dimers bind to nucleosomal DNA (Fig. 4A, lanes 2 and 3) . The mobility of the truncated c-Myc GCN4-nucleosome complex is distinct from that of the Max-nucleosome complex (Fig. 4A, lane 4) , as are the respective complexes containing free DNA. The binding of truncated c-Myc GCN4 to nucleosomal DNA is specific (Fig. 4B, compare lanes 3, 6, and 7) , and the affinity, as measured by DNase footprint titration, is significantly greater than that of truncated c-Myc for the same template ( Fig. 4B ( Fig. 4A, lane 3) , and adjacent protected regions at high concentrations in the DNase footprint titration (Fig. 4B, lane  8) . We conclude that changes in the dimerization domain that have no effect on binding to free DNA can dramatically alter binding to nucleosomal DNA. Binding of Max, truncated c-Myc/Max or truncated c-Myc -GCN4 does not destabilize the nucleosome. Binding to nucleosomal DNA by any of these proteins resulted in a complex that migrated more slowly in EMSA than the proteinfree DNA complex. This suggested the possibility that the intact nucleosome was still present in these complexes, as was also suggested by the continued 10-bp periodicity, characteristic of nucleosomal DNA, that surrounded the footprints of Max and truncated c-Myc GCN4. It has been shown that binding of GAL4 protein to multiple sites destabilized the underlying nucleosome (56) . We therefore determined whether an intact nucleosome was still present in these complexes and tested the stability of the underlying nucleosome.
Protein-nucleosome complexes were formed, and increasing amounts of a supercoiled plasmid lacking the CACGTG sequence were added to the reaction mixture. If (Fig. SB) and the truncated c-Myc-GCN4 homodimer (Fig. 5C ). These data demonstrate that the nucleosome in these bound complexes remained stable. (19) , a tighter ZIP interaction might restrict dynamic pivoting of the monomers about an axis perpendicular to the extended coiled coil formed by helix 2 and the ZIP, modifying the orientation of the basic regions relative to one another. Previous studies have indicated that alterations within the basic region can modify the specificity of DNA recognition (15) ; the data presented here demonstrate that changes outside the DNA binding region per se are able to modify the quality of DNA binding.
DISCUSSION
The ability of a transcription factor to induce a directed bend in the DNA (31, 54) that is compatible with nucleosomal structure might be important to nucleosomal binding. c-Myc and Max bend free DNA in diametrically opposite orientations, with Max homodimers bending DNA away from the protein and truncated c-Myc homodimers bending DNA toward the protein; bending by c-Myc/Max heterodimers is also directed away from the protein, but is of a smaller magnitude (54) . These findings have been recently confirmed and extended to other members of the HLH-ZIP family (20) . Surprisingly, the recently described three-dimensional crystal structure of Max demonstrates no DNA bending (19) . As the authors of that study point out, however, this discrepancy with the solution studies might result from crystal packing effects.
Because DNA in the nucleosome is wrapped around the histone core, and therefore inherently bent, a transcription factor which prefers this bent DNA conformation might preferentially allow specific base recognition in nucleosomal DNA. The orientation of DNA bending observed with free DNA might indicate such a preference, and this property might be inherent to a given pair of basic regions and, through dimerization, their particular alignment (i.e., DNA "bending" might result from passive deformation of free DNA as it fits into the DNA binding domain) (54 Nucleosomes are believed to inhibit transcription by physically blocking access of both activators and general transcription factors (18, 21, 35, 36, 55, 57) . Thus, in order for transcription to occur, histones must at least temporarily alter their association with the DNA (3, 12, 32, 33, 49, 51) . We examined whether c-Myc or Max could destabilize a nucleosome directly, as has been shown to occur when GAL4 binds tandem sites on a nucleosome (56) . The addition of excess nonspecific DNA caused Max/Max, truncated c-Myc/Max and truncated c-Myc * GCN4 homodimers to dissociate from the nucleosome, without apparently disrupting the nucleosome-DNA interaction. This suggests that neither the homodimeric nor the heterodimeric complexes alone are likely to relieve nucleosome-mediated transcriptional repression by directly liberating DNA from histones. This in vitro study, however, does not preclude the possibility that c-Myc or Max might interact with other proteins to effect changes in chromatin architecture in vivo. Furthermore, the fact that the truncated c-Myc/Max heterodimer does not dissociate nucleosomes does not necessarily mean that the full-length c-Myc/Max heterodimer would be unable to do so in the context of a natural promoter in vivo. Unfortunately, the inherently poor activity of purified full-length c-Myc protein made it impossible to detect any nucleosome binding by EMSA.
It is not clear how to interpret the above data in terms of the ability of these proteins to bind to chromatin in vivo. The apparent Kds (Table 1) 
